The majority of insect species have a clearly defined larval stage during development. Larval 19 nutrition is crucial for individuals' growth and development, and larval foraging success 20 often depends on both resource availability and competition for those resources. To date, 21 however, little is known about how these factors interact to shape larval development and 22 behaviour. Here we manipulated the density of larvae of the polyphagous fruit fly pest 23
Introduction 39
In holometabolous insects, larval foraging behaviour largely determines individual fitness 40 (Chapman, 1998) . Poor developmental conditions marked by low resource availabilitysuch 41 as when food is scarce and there is high larval competitionoften affects both larval 42 developmental time and body size in adulthood [e.g. 1-10 ]. Adult body size tends to correlate 43 positively with female fecundity as well as male mating performance and reproductive 44 success 5,11 ; accordingly, larval foraging behaviour is under productivity selection in females 45 and sexual selection in males [11] [12] [13] [14] [15] , with profound effects on behavioural and evolutionary 46 processes such as cognitive task performance, survival, reproduction, and ultimately sexual 47 selection and sexual conflict 6, [16] [17] [18] . 48
49
The quantity of resources in a food patch and the number of competing foragers are important 50 determinants of larval responses to developmental conditions 19 . To maximize resource 51 acquisition for investment in fitness traits of adulthood 20,21 , larvae are expected to avoid 52 competition with conspecifics, and to prefer patches of highest resource availability. The 53 rationale for this is simple; if the resources are poor or the number of individuals sharing a 54 finite resource is high, the benefits of foraging on that patch may be outweighed by the 55 potential benefits of leaving that patch to seek resources elsewhere. Thus, the ideal situation 56 may be that in which larvae forage in resource-rich food patches without competition. 57
Research across insect taxa has shown that insect larvae have well-defined optimum diets that 58 sustain development and growth, and produce high quality adults [22] [23] [24] [25] [26] [27] , that an excess of 59 nutrients can be detrimental and even compensated for when larvae have a choice to select 60 their food [e.g. [28] [29] [30] [31] ]. For social interactions, however, the rule is far less intuitive. Larval 61 aggregations are common in many insects 32, 33 . Although such social interactions may 62 increase foraging competition, larval aggregations can confer physiological and behavioural benefits that sustain larval growth and development [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] . As a result, larvae may maximize 64 development in a high-quality diet with some degree of social interactions and aggregation, 65 provided that competition is not so high that the benefits of aggregation are negated. For 66 instance, Drosophila larvae can benefit from occupying patches that are shared with 67 conspecifics, although the increase in competition can in some cases offset the benefits of 68 social behaviour 45 [see also [46] [47] [48] ]. This hypothesis is derived from the premise that social and 69 nutritional factors interact to shape larval behaviour and growth during development. To date, 70 however, there have been very few direct empirical tests of this hypothesis. 71
72
An early attempt to demonstrate interactions between nutritional and social factors as 73 determinants of larval development showed that, in the gregarious caterpillar Hemileuca 74 lucina, social environment interacts with the quality of the food source to determine larval 75 growth at mild temperatures 37 . This investigation only contrasted caterpillars in solitary and 76 groups of a fixed size (10 individuals), and only investigated development on two related-77 food sources, young vs. mature leaves of Spiraea latifolia. Although providing a useful 78 demonstration of concept, this dichotomous approachi.e. solitary vs groups, young vs 79 mature leaveshas limited scope for understanding the interaction between social and 80 nutritional factors driving the ecology of larval development. Other studies have shown the 81 importance of larval aggregation in feeding and growth rates, insect-plant interactions, larval 82 defence against predators, and larval thermoregulation [e.g. [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] ]. However, there has been no 83 detailed investigation of how the social and nutritional environments of larvae interact to 84 shape development and performance. Key questions remain unanswered though, as to 'how 85 does the number of foraging larvae with access to a common resource pool, which increase 86 the potential for social interactions, influence larval aggregation?'; 'When resource 87 availability decreases, do larvae aggregate to the same extent as to when resources are 88 abundant?'; and 'What are the implications of density-and diet-dependent larval aggregation 89 to larval growth and foraging behaviour?' 90 91
In the present study, we addressed these key questions of the interaction between nutritional 92 and social factors driving larval foraging decisions and performance in the tephritid fruit fly 93 Bactrocera tryoni (aka 'Queensland fruit fly' or 'Qfly'). Some tephrtids are highly 94 polyphagous and are amongst the most damaging insect pests of horticulture globally 49-51 . 95
Bactrocera tryoni is able to infest more than 150 different fruits 49,52 ; the wide diversity of 96 fruit that are exploited by B. tryoni, and variability of nutrients available in infested fruit, 97 make this species well suited for investigation of larval nutritional ecology. Here we first 98 designed circular foraging arenas containing patches of varying macronutrient concentration, 99
where different densities of larvae were allowed to forage. Larvae foraged freely in choice 100 and no-choice arenas, which allowed us to investigate the diet-and density-dependent effects 101 of larval developmental environment on foraging behaviour and larvae body mass. Using 102 statistical methods of machine learning and linear regression, we tested whether tendency to 103 aggregate and size of aggregations depended on the larval density and diet, by allowing 104 groups of several larval densities to forage in arenas of varying diet concentration within 105 which each arena contained multiple patches of the same diet. We then tested how larval 106 density and aggregation affected larval body mass across different diets. Finally, we 107 investigated how larval density influenced larval foraging decisions when facing choices 108 amongst patches with varying resource availability. 109
Experimental diets and foraging arena 140
We used 5 experimental diets that varied in macronutrient (i.e., yeast for protein and sugar 141 for carbohydrate) concentration: our control and reference 100% Chang-2006 gel-based diet, 142 which has proven effective for the larvae of this species 53 , followed by diets with 80%, 60%, 143 40%, and 20% macronutrient concentration relative to the control diet (see Supplementary  144 Tables for recipes). 20mL of diet was poured into 90mm diameter Petri dishes and allowed to 145 set. We also prepared an agar solution that contained the same components as the gel diets 146 except that no yeast or sugar was included. 20mL of the agar solution was used to cover 147 90mm diameter Petri dishes that then served as "foraging arenas". After setting, five equally 148 spaced holes were made in the agar base of each foraging arena by perforating it with a 149 25mm diameter plastic tube. The same tube was used to cut discs from the experimental 150 diets. The discs of experimental diets were then depositedin order or randomlyin the 151 holes that had been cut in the agar base of the foraging arenas (see Fig S1) . Because the agar 152 solution did not contain macronutrients, we considered the remaining areas of agar base as 153 'no choice' foraging option. Thus, larvae had a total of 6 options (i.e., 5 experimental diets + 154 
Experimental procedures and statistical analyses
For all experiments, we placed 2 nd instar larvae at the centre of the foraging arena (see Fig  163   S1 ) that was then covered with the lid to minimize the loss of moisture. To minimize 164 potential for effects of visual cues on larval diet choices, the foraging arenas were placed in a 165 dark room. Foraging arenas were set up at 4 larval densities: 10, 25, 50, and 100 larvae. All 166 larvae were released in the arena simultaneously. We did not observe cannibalism or escapes 167 (larval counts were the same at the beginning and at the end of the experiments). All 168 statistical analyses were performed using R version 3.4.0 and plots were performed using the 169 package 'ggplot2' 54,55 . 170 171
Experiment 1: Larval aggregation 172
To test effects of density and diet on larval aggregation and growth, for all diets and across 173 all larval densities, we set up foraging arenas that contained 5 food patches of the same diet 174 concentration (e.g., all patches with 100% diets) (see Fig S1) . We then numbered the patches, 175
and assessed the number of larvae in each of the diet patches as well as on the agar base at 176 1h, 2h, 4h, 6h, 8h, and 24h after larvae were placed in the arena. We observed that larvae 177 could move across the diameter of the foraging arena in less than 1min, meaning that the time 178 points used in the experiment were ample to allow larvae to explore the entire foraging arena. 179
Four replicates were set up per larval density per diet (N = 80 foraging arenas). After 24h, 3 180 larvae per diet per larval density per replicate were selected from each foraging arena and 181
weighed on a ME5 Sartorius® scale (0.001g precision) to obtain an estimate of average larval 182 body mass. We tested the effects of larval density, diets, and their interaction, using two-way 183 ANOVA model that included replicate as a covariate. To measure larval aggregation, we 184 calculated an 'aggregation index' (AI) which was the sum of the absolute residuals of our 185 observed data against the machine learning random predictions of a density-dependent 186 random distribution; the procedure to obtain AI was as following: 187 1. We simulated the choices of larvae in foraging arenas with density 10, 25, 50, 100, 189 and 200 larvae choosing amongst 6 patches, where the larvae were equally likely to 190 display choice for any of the options (i.e., the choices for each patch were displayed 191 with equal probability = 1 6 ⁄ , where is the probability of a larvae choosing a 192 given patch). We extrapolated our simulation for larval densities of 10, 25, 50, 100, 193 and 200 larvae in order to build a robust function of density-dependent aggregation 194 (see Fig S2) . The machine learning model provides more accurate predictions of the expected distribution 211 of the residuals than conventional linear model. For instance, the MSE (mean square error) of 212 the machine learning model in the test data set was 0.00404 whereas the MSE estimated 213 using conventional linear model was 0.0107, suggesting that the machine learning model was 214 ~2.7 times more accurate in its prediction. We therefore opted to use the machine learning 215 approach to account for non-linear behaviour of the residuals as the density of larvae in the 216 foraging arenas increases (see Fig S2) . When we modelled AI using general linear model 217 followed by a two-way ANOVA to determine the effect of time, larval density, diet, and their 218 two-way interactions, we transformed AI (i. e.
2.25 ) in order to stabilize the variance 219 across larval densities (Levene's test: F3,476 = 0.560, p = 0.641) and diets (Levene's test: F4,475 220 = 0.548, p = 0.700). To test for the effects of aggregation on larval body mass, we used an 221 ANOVA with the average aggregation index over time, larval density, and diet, as well as the 222 two-way interactions between these factors. For statistical inference, we transformed larval 223 body mass (i.e., 0.3 ) for homogeneity of variances across larval densities 224 (Levene's test: F3,76 = 0.591, p = 0.622). To calculate the average size of the largest 225 aggregation, we sampled the aggregation with the highest larval count, and calculated the 226 proportion of individuals of the group that were found in that aggregation (ρ) as = / , 227 where α = the number of larvae in the largest patch and δ = the larval density of the group. 228
To test for the effects of time, larval density, diet, and their two-way interactions we used a 229 generalized linear model (GLM) with Binomial distributionas we were dealing with 230 proportion dataand quasi extension, to account for overdispersion of the data. Plots are of 231 the raw data. and we assessed the number of larvae selecting each diet across all larval densities (see 236 above) at 1h, 2h, 4h, 6h, and 8h after larvae were placed in the arena. Foraging arenas 237 contained food patches (i.e. 100%, 80%, 60%, 40% and 20% macronutrient concentration) in 238 different orders within the arena (see Fig S1) ; we controlled for the order of the patches in all 239 models, which had no effect in the results (see ESM). We fitted a multinomial logistic 240 regression model using the 'multinom' function of the "nnet" package 58 . To test for foraging 241 propensity, we controlled for the order of the food patches while investigating the main 242 effects of time, larval density, and their interaction. Agar base (no choice) was the reference 243 level. To test for dietary choices, we used the same multinomial logistic regression, but this 244 time only considering those larvae that chose to forage. By using the standard diet (100% 245 macronutrient concentration) as our reference level, we could then infer the relative dietary 246 preferences of larvae that foraged. Statistical inferences for multinomial logistic regressions 247
were made based on 95% and 99% confidence intervals for each larval density separately. 248
249
Results 250
Experiment 1: High larval density increases larval body mass 251
We first tested the influence of larval density on growth. Our results showed highly 252 significant positive effects of diet concentration and larval density on body mass (Table S1) , 253
although there was no significant interaction between these factors. Body mass increased 254 steadily with larval density in the foraging arena and consistently across all diets (Fig 1) . 255
However, diet concentration also affected larval body mass, as larvae from foraging arenas 256 with diluted diets (i.e. 40% and 20% macronutrient concentration) had lower body mass than 257 larvae from arenas containing more concentrated diets (Fig 1) . 258 259
Experiment 1: Larval density affects larval aggregation in a diet-dependent manner 260
We investigated whether larval density modulated larval aggregation, and whether this 261 relationship was affected by diet concentration. We found significant interaction between 262 effects of diet concentration and larval density on the aggregation index (Table S2) , whereby 263 larvae in high-density arenas aggregated more in high macronutrient concentration diets 264 (>40%) and less in low macronutrient concentration diets (20% , Fig 2a-b) . 265
266
There was a significant interaction between time and larval density, whereby larvae in low-267 density arenas (10 larvae) increased aggregation as time foraging passed, while the opposite 268 pattern was observed for high-density arenas (100 larvae) (Table S2 , Fig 2a-b) . This was 269 particularly evident for low-density arenas with low macronutrient concentration diets (see 270 Fig 2a) . This is important because if the larvae were simply coalescing in the same location 271 (i.e., not seeking to aggregate but converging to the same location with high quality food 272 substrate), we would expect larvae in low-density arenas to show the same pattern for high-273
and low diet concentration. Instead, the results show the opposite is true, whereby larvae in 274 low-density arenas tended to aggregate more over time with low diet concentration than with 275 high diet concentration (Fig 2a) . This provides evidence that larvae seek to aggregate, 276 especially when foraging in low-density arena and with low-resource food substrates. Arenas 277 with density of 25 and 50 larvae showed the same trend as arenas with 10 and 100 larvae, 278 respectively, although with lower magnitude (Fig 2a-b) . 279 280
Experiment 1: The relationship between larval aggregation and larval body mass is diet-281
dependent 282
Next, we tested the relationship between larval aggregation and body mass. We found that 283 aggregation had an overall highly significant positive effect on larval body mass when diet 284 concentration was 40% or greater but that a negative trend was instead observed when diet 285 concentration was 20% (Fig 2c, Table S3 ). There was a significant effect of diet 286 concentration and larval density, but there were no significant interactions between larval 287 density and diet concentration, larval density and aggregation index, nor between diet 288 concentration and aggregation index (Table S3 ). These results provide evidence for a positive 289 relationship between larval aggregation and larval body mass, and revealed that in some 290 cases nutrient concentration in the diet can be a strong modulator of this relationship. 291 292
Experiment 1: Larval density and diet influence the size of larval aggregations 293
Previous studies have shown that larval aggregation can help larvae to feed more efficiently, 294 potentially leading to an increase in larval body mass (see for instance 40, 59 ). If this is true, an 295 aggregation could become a 'hotspot' for other larvae, and we would expect that arenas with 296 high larval densities would have few large aggregations. This could explain the relationships 297 between larval aggregation and body mass and also the relationship between larval density 298 and larval aggregation. Alternatively, high larval density could make larvae more inclined to 299 disperse in order to minimize competition and, as a result, form smaller aggregations at more 300 locations, hence exploiting a greater number of food patches. Our results showed a significant 301 interaction between the effects of larval density and time, and larval density and diet 302 concentration on the proportion of individuals in the largest aggregation (see Table S4 , Fig  303   3 ). These results demonstrate that i) arenas containing diluted diets (i.e., 20% and 40%) had 304 relatively more larvae in the largest aggregations than did arenas containing more 305 concentrated diets, ii) low larval density arenas (i.e., 10 larvae) had aggregations that 306 contained relatively more larvae compared with higher density arenas (i.e., 25, 50, 100), iii) 307 high density arenas (i.e., 100 larvae) were more evenly distributed compared with low 308 density arenas, whereas the opposite effect was found for low density arenas (i.e., 10 larvae), 309 and iv) the proportion of larvae in the most numerous aggregation decreased in diluted diets 310 in high density arenas, an effect that was not observed for low-density arenas (see Fig 3) .
These findings support the hypothesis that high larval density promotes larval movement, 312
whereby larvae formed smaller aggregations that exploit patches more evenly. 313 314
Experiment 2: Larval density shapes larval foraging behaviour 315
Next, we measured how larval density influenced larvae foraging propensity, as well as 316 larvae foraging decisions when larvae have a choice amongst patches with varying diet 317 concentrations. By using a multinomial logistic regression model that used 'no choice' (i.e. 318 agar base) as our reference level, we could assess larval foraging propensity over time. Our 319 results showed that larvae were more likely to forage in any given patch than to not forage at 320 all, and the propensity of foraging was particularly high for patches of high nutrient 321
concentration independent of larval density (Fig 4a, Table S5 , Fig S3) . Interestingly, the 322 range of diets in which larvae foraged was greater for arenas containing 50 and 100 larvae 323 and included the patch with 40% diet in addition to the 100%, 80% 60% patches that were 324 more dominant for arenas of lower larval density (Fig 4a) . These findings show that larvae 325 are generally more prone to forage in high-quality patches, and that larval foraging 326 propensity is density-independent. 327
328
We then tested whether larval density affected larval diet choices, using again a multinomial 329 logistic regression although this time we used the standard diet (i.e. 100%) as our reference 330 diet and excluded non-foraging larvae, while modelling the behaviour of larvae that were 331 actively foraging in one of the food patches in the previous experiment. In arenas with low 332 larval density (10 larvae), larvae displayed a significant preference for diets with 60% 333 macronutrient concentration relative to the standard (100%) diet (Fig 4b, Table S6 ). 334
However, as larval density increased (25 and 50 larvae), there was a shift in preference 335 toward the patch containing 80% macronutrient concentration (Fig 4b) , and finally, when larval density was the highest (100 larvae), larvae displayed statistically significant 337 preferences for both 60% and 80% macronutrient patches compared to the standard diet ( Fig  338   4b-e ). More importantly, though, is that only larvae in arenas with high density (50 and 100 339 larvae) displayed significant avoidance of low concentration patches of 20% macronutrient 340 concentration (Fig 4d-e) . aggregations within a fruit 9,10,60 . Furthermore, fruits can be heterogeneous foraging 353 environments for larvae [e.g., 61 ], and the nutritional composition of fruit can change as 354 larvae develop [see [62] [63] [64] ]. Therefore, the density of larvae and local diet quality might 355 determine larval movement within a fruit in search of more nutritious and less competitive 356 foraging sites. It is important to note that it is unlikely that our findings apply to movement of 357 larvae between fruits. Crawling out of fruits is dangerous owing to risks of predation [ 65 , 358 reviewed by 66 ] and desiccation. In nature, B. tryoni females modulate their oviposition 359 behaviour to minimize intra-specific competition amongst larvae 67 , and it is reasonable to 360 expect the larvae to very rarely move between fruits. 361
High population density can force animals to change their behaviour and expand their niche 363 due to inter-and intra-specific competition, and this is a well-established ecological principle 364 observed in both the laboratory and in nature 68,69 . Even though larvae are prone to aggregate, 365 an increase in larval density could increase larval competition within large aggregations, 366 which could in turn drive larvae to disperse and form smaller aggregations across different 367 locations. The smaller aggregation size observed in high-density arenas support this idea, 368 meaning that larval aggregations formed in high-density arenas were proportionally smaller 369 than those formed at lower densities. Moreover, larval aggregations were proportionally 370 smaller as the density increased and the larvae spent more time foraging, suggesting that 371 social interactions within larger aggregations are likely to induce more frequent movement by 372 the larvae. As the larvae move more often, they are more likely to find new (and unexplored) 373 food patches, and are therefore more likely to explore patches more evenly. The influence of 374 larval density on larval aggregation and growth could therefore be a plastic response to 375 intraspecific competition because it could lead to better larval foraging decisions and a 376 broader niche exploration 45,70 . The findings that high larval density also influence larval 377 foraging behaviour in ways that decrease larval foraging propensity on resource-poor diet 378 patches provide further support for the idea that high larval density promotes exploration of 379 the foraging environment and effective exploitation of nutritional resources. Individuals of 380 many species use social cues when making decisions 71 , and recent models have predicted 381 that social interactions could improve individual foraging success, especially when food is 382 scarce and distributed heterogeneously 72 . It is also possible that larval aggregation alters the success, and survival [e.g. 1,3-9,60 ], which can lead to a density-dependent effects on fitness 400 that extends through generations 6 . However, high densities can also mitigate the negative 401 effects of environmental stresses, and act as a buffering factor for individual fitness and 402 survival [reviewed by 77 ]. Therefore, high-density environments can sometimes confer fitness 403 benefits. Our findings support this view, as they reveal that the density of larvae can trigger 404 behavioural responses early in life that can benefit larval growth. This positive effect is likely 405 due to an increase in exploratory behaviour when at high-densities, which can increase niche 406 exploration and nutrient acquisition. It is important to mention that competition amongst 407 conspecifics should determine threshold in which sociality provides benefits to the larvae, 408 after which further increase in density should incur costs that offset the benefits to 409 individuals' fitness 45 . This threshold is currently unknown, but we predict that further 410 increase in the density of larvae in our experiments (e.g., 400 larvae) should result in 411 measurable costs such as decrease in body mass of the larvae. Determining the threshold is 412 out of the scope of this study, but remains an important topic for future investigations. 413
Nonetheless, our findings are applicable to biological scenarios where intraspecific 414 competition increases and resources are heterogeneous, and thus represent a logical 415 consequence of the interaction between the nutritional and social environments. 416
417
It is important to mention that as density increases, larvae may be displaced from the patch 418 due to the competition with conspecifics for space. This is a natural consequence of high 419 larval density (i.e., defined as more larvae per unit of space), and understanding how the 420 competition for space underlies larval behaviour is out of the scope of this study. Also, patch 421 quality could have decreased over time, especially in treatments with high larval densities, 422
and influenced some of the results found in our study. This is unlikely, however, because the 423 number of individuals in each patch sharply increased and stabilised in a plateau, with no 424 evidence of larvae evasion from the chosen patches throughout the 24h in which the 425 experiment was conducted (see e.g., Fig S3) 
